During plant evolution, some plastid genes have been moved to the nuclear genome. These transferred genes are now correctly expressed in the nucleus, their products being transported into the chloroplast. We compared the base compositions, the distributions of some dinucleotides and codon usages of transferred, nuclear and chloroplast genes in two dicots and two monocots plant species. Our results indicate that transferred genes have adjusted to nuclear base composition and codon usage, being now more similar to the nuclear genes than to the chloroplast ones in every species analyzed.
INTRODUCTION
The existence of adjustment of base composition to different genomic G + C contents was shown in homologous genes and noncoding sequences of microorganisms and mitochondrial genomes 1 . Demonstration of the existence of such adjustment has been hindered in higher eukaryotes because of the compartmentalization of their genomes. Only recently, it has been shown that there is a compositional adjustment for Alu repetitive sequences that are located in different human genome compartments 2 . Coding sequences that have moved between different genomes can be good candidates to probe the existence of compositional adjustment and to analyze the involved mechanisms. Such gene movements have recurrently occurred along plant evolution and most of the plastid genes have been transferred to the nuclear genome 345 ' 6 . Since in most plant species chloroplast and nuclear genomes have different GC contents 7 , we think that plastid genes transferred to the plant nuclear genome can be an excellent model system to analyze if such compositional adjustment exists and, if so, how it works.
We compared nucleotide composition and codon usage of nuclear, chloroplast and nuclear genes encoding chloroplast proteins (transferred genes) in two dicots (pea and tobacco) and two monocots (wheat and maize) species. The distributions of some relevant dinucleotides were also studied. Results indicate that -at the level of base composition, dinucleotide distribution and codon usage -transferred genes are more similar to nuclear genes than to chloroplast ones. We analyzed how they have adjusted their base composition and codon usage to that of the nuclear environment.
DATA AND METHODS

Gene sequences
Sequences from nuclear and chloroplast genes were retrieved from the GenBank genetic sequence data bank 8 (release 57), or directly taken from original publications. We selected the four species with higher numbers of nuclear and chloroplast genes sequenced: Nicotiana tabacum (Solanaceae), Pisum sativum (Leguminosae), Triticum aestivum and Zea mays (Poaceae). Nuclear genes encoding chloroplast proteins can be considered as transferred chloroplast genes 5 -6 . Although this seems to be a common situation, two exceptions of nuclear encoded chloroplast proteins that probably evolved from nuclear genes have already been described 9 -10 . Table 1 shows the genes we have identified as transferred genes. A list of the remaining nuclear and chloroplast genes used in this study is shown in the Appendix.
Nucleotide composition data
Before nucleotide composition and codon usage were analyzed, introns of all genes and the sequence coding for the signal peptide present in transferred genes were removed. Nucleotide sites subject to silent changes ('silent sites') are calculated according to the total of codons in the pertinent codon group); this method draws attention to the specific choices made by the organism among different options (the synonymous codons) regardless of the frequencies of the different amino acids in its proteins. Third, we compute the overall difference in codon usage between any two genes through a distance algorithm which is a version of the 'Manhattan metric' often used by numerical taxonomists. The codon usage distance between genes A and B is simply the sum of the absolute values of the differences in codon frequencies: 
RESULTS
Similarity estimates between non-homologous genes
Measurement of similarity between nuclear and chloroplast genes requires comparisons of non-homologous sequences. Grantham" proposed the combination of four indexes, based on codon usage and GC content, to estimate the similarity among non-homologous genes from very different sources. When applied to our data, this method was unable to differentiate among the nuclear, transferred, and chloroplast gene sets from each species (data not shown); only the GC content of the third codon position, taken individually, was able to clearly differentiate chloroplast from nuclear genes in all four species analyzed (data not shown). Chloroplast genes transferred to the nuclear genome were always grouped among the nuclear genes using this index.
Nucleotide composition analysis
Changes in nucleotide composition of transferred genes after relocation in the nuclear genome were analyzed by studying base Table 3 . Distributions of CpG and TpA doublets in nuclear (NUC), transferred (TF) and chloroplast (CP) genes of different species. The ratio of the observed to the expected frequencies for these dinucleotides are given. Deviations from expectations were tested by Chi-square. Gene abbreviations are as in Table 1 * P < 0.05; ** P < 0.01; *** P < 0.0001 * P < 0.05; ** P < 0.01; *** P < 0.0001 composition of silent and replacement sites. Table 2 shows the average base frequencies in silent and replacement sites of nuclear, transferred and chloroplast genes of each species. Total G + C of the analyzed genes is higher in the nucleus than in the chloroplast for all four species. This difference is specially high in the two monocots species. Table 2 also shows that transferred genes have reached similar GC content than nuclear genes by increasing their GC content mainly in silent sites. Note that in our sample of genes, GC content at replacement sites is very similar among dicot and monocot species but both groups clearly differ in their GC content at silent sites: GC content at silent sites is lower than at replacement sites in dicots but higher in monocots.
Dinucleotide distributions
Nuclear plant DNA has a high content of 5-methylcytosine in both the CG dinucleotide and also in the C(A/T)G trinucleotides 12 and CpG methylation is not found in the chloroplast genome 13 . Since chloroplast genes transferred to the nucleus show an increase in GC content (Table 2) , we analyzed the distribution of methylation sites in transferred genes to find out if the increase in GC parallels an increase in the methylation sites available.
CTG and CAG trinucleotides were found at expected frequencies in most genomes (data not shown). The gene to gene distributions of the other methylation target, CpG, are shown in Table 3 . Chloroplast genes generally show the expected frequencies of this dimer in the four species; on the contrary, most of the nuclear and transferred genes show significant deficiencies. This is specially true for dicots, while in monocots some nuclear genes show the CpG expected frequencies or even an excess of this dinucleotide.
TpA is other dinucleotide of special relevance, since a general avoidance of this dimer has been reported in most genomes 14 ' 15 ' 16 ' 17 . Table 3 shows its distribution for every gene. Nuclear and transferred genes show very variable TpA ratios while chloroplast genes are more uniform. Significant avoidances of TpA were more often found in nuclear and transferred genes of the four species than in chloroplast genes.
Codon usage analysis
Codon usage distances. A triangular matrix containing all pairwise comparisons of codon usage distances among all genes was computed for each species by means of the distance algorithm described in the Data and Methods section; all pairwise distances were then categorised into six groups (nuclear vs nuclear, nuclear vs transferred, etc.) and the average distance for each group computed (Table 4) . Codon usage distances between chloroplast and nuclear genes are small in dicots and higher in monocot species. In monocots this is paralleled by higher distances between chloroplast and transferred genes. This method gives a global idea of codon usage in genes from the three different gene sets but does not consider the variation in codon usage within genes from the same group.
Correspondence analysis. To get a better representation of the variability for codon usage within the different groups of genes, Table 4 . Codon usage distances ( S.E.) among nuclear (NUC), transferred (TF) and chloroplast (CP) genes. Species abbreviations are as in Table 1 . 
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we performed a factorial correspondence analysis on a data matrix containing the n-1 codon frequencies at each synonymous codon group for each gene (see ref. 18 for methodology involved in correspondence analysis of codon usage). Differences in codon usage cluster chloroplast genes separately from the nuclear ones in monocot (Fig. 1) but not in dicot species (data not shown).
In all the species nuclear and transferred genes are always mixed together, being more widely scattered than the chloroplast ones.
DISCUSSION
Nucleotide composition of transferred genes
GC content is lower in the chloroplast genomes than in the nuclear ones 7 ; Table 2 shows that at gene level the differences are more extreme in maize and wheat than in the dicot species; this is due to the higher GC content of monocot nuclear genes. Since there is a correlation between genomic GC content and GC level in the three codon positions of genes 119 - 20 , it would be interesting to investigate if an adjustment of base composition occurred in transferred genes adapting them to the high GC content of the nucleus. Table 2 shows that chloroplast genes relocated into the nuclear genome have now similar GC content to nuclear genes. Increase in GC has been more pronounced at the silent sites than at the replacement sites. At silent sites, transferred genes show higher GC content than nuclear genes, while at replacement sites GC contents are very similar between nuclear and transferred genes. Similar adjustments at silent and replacement sites provoked by GC pressure have been previously observed when homologous genes and noncoding sequences are compared in bacterial and mitochondrial genomes with different GC contents (see reference 1 and references therein). The differences in GC content at silent sites between monocots and dicots ( Table 2) are probably indicating the existence of a higher GC pressure in the two monocots studied. The rise in GC content of transferred genes of dicots is due to similar increments in both bases G and C (Table 2) ; however, in the two monocots the rise in GC content of transferred genes has been due preferentially to increases in C. This is a similar situation to what was found earlier in the genomes of warmblooded vertebrates 1921 .
Distributions of TpA and CpG dinucleotides
The compositional adjustment of transferred genes to the nuclear environment is also reflected by a stronger avoidance of the doublet TpA. This avoidance is commonly found in most eukaryotic genomes 1415 , including the nuclear genomes of plants 16 -17 .
The higher CpG avoidance in nuclear than in chloroplast genes is probably due to the existence of CpG methylation in the nuclear genome 12 but not in the chloroplast 13 ' 22 . Transferred genes also follow a similar pattern in CpG avoidance as nuclear genes, thus adjusting their base composition to that of the nuclear genome.
Nuclear genes of dicot species analyzed here always show avoidances of TpA and CpG dinucleotides. However, a different situation was found in the two monocot species analyzed, where some genes do not show any avoidance. We think that these differences between species are reflecting the different compositional organization of their genomes. The genomes of tobacco and pea are far more homogenous in base composition than the genomes of wheat and maize 20 -23 . Having this in mind, the lack of CpG shortage in four out of five transferred genes of monocots could be due to the location of these genes in GC rich chromosome regions with a decreased discrimination against CpG doublets. Bernardi et al. 24 have shown that CpG shortage decreases in degree when increasing genomic GC level in both vertebrates and their viruses. This could also be happening in the nucleus of wheat and maize, since in these two speciesbut not in pea and tobacco -we found that the CpG doublet level is strongly correlated with overall GC content of different genes (Fig. 2) .
Codon usage comparisons
In all four species the codon usage of transferred genes has consistently become undistinguishable from that of the nucleus where they are integrated. Table 4 shows that the codon usage of transferred genes is more distantly related to the chloroplast genome from which they derive than to the nuclear genome in which they are now located. This is particularly clear in the two monocots species. Since the GC contents of the dicot nuclear genes analyzed are more similar to the chloroplast ones (Table  2) , codon usage does not differentiate so well genes from one or the other compartment.
Multivariate analyses shown in Fig. 1 allow to visualize the heterogeneity present for codon usage within the nuclear genomes. The dispersion found for nuclear genes contrasts with the homogeneity found for the chloroplast ones. Since constraints on codon usage imposed by the aminoacid composition of proteins can be discarded due to the method we used to compute codon frequencies, this is probably a reflection of the compositional organization of the plant genomes 20 . Transferred genes always appeared mixed with the nuclear genes by this analyses (Fig. 1) , which again supports their adjustment to the nuclear environment.
A strong bias in codon usage for the nuclear encoded chloroplast GAPDH of maize has been reported 6 . These authors hypothesize that the strong codon bias found could be a consequence of a selection for higher expressitivity. However, the same bias is not found for the same gene in other species. A similar pattern of stronger biases in codon usage in monocots than in dicot species have also been reported 17 for two transferred genes, rbcs (maize) and cab (wheat). Our more global results indicate that this bias could be the consequence of the increase in GC content that transferred genes have suffered to reach the level of the new host genome. Since this increase is mainly supported by changes in silent sites (Table 2) , it produces a strong bias in the codon usage of these genes. Bias is extremely high in species like maize where differences in GC content between chloroplast and nuclear genome are very high.
As a general conclusion, chloroplast genes transferred to the nucleus seem to have adjusted their base composition, dinucleotide distribution and codon usage according to the characteristics prevailing in their new host genomes, and thus they behave as polite DNA 2526 . Table 2 reveals the clear trend of transferred genes to achieve similar GC content as the nuclear genomes where they are integrated. Consequently codon usage is affected and since changes in nucleotide sequence affect, almost exclusively, to the silent sites, protein sequences can remain mainly unmodified. Therefore, the GC increase can occur without changing the coding capacity of transferred genes, which at the aminoacid level are still homologous to their prokaryotic counterparts 5 . Because the mosaic organization of the eukaryotic genome , a certain level of variability should be expected in base composition and codon usage among genes from the nuclear genome and this is in fact found (Fig. 1) . As expected from the isochore organization in these four species, variation is higher in wheat and maize that show a wider compositional heterogeneity 20 . The distributions of TpA and CpG doublets in transferred genes also reflect the conditions of every nuclear genome or genome compartment.
It seems clear from these results that there is an evolution towards compositional homogenization within the different compartments of the nuclear plant genome. If this evolution is based on a selective advantage due to improved expressitivity or to other compositional modifying mechanisms not related with gene expression, such as different mutational bias of DNA polymerases in germline cells 28 or variation in mutation patterns along the replication timing of different chromosomal regions in the germline 29 , is not known at this moment. Experiments testing the expressitivity of coding sequences with different base composition and codon usage are required to elucidate the presence of any selective advantage.
